Background-Decreased expression of cardiac myosin binding protein C (cMyBPC) as a result of genetic mutations may contribute to the development of hypertrophic cardiomyopathy (HCM); however, the mechanisms that link cMyBPC expression and HCM development, especially contractile dysfunction, remain unclear. Methods and Results-We evaluated cardiac mechanical function in vitro and in vivo in young mice (8 -10 weeks of age) carrying no functional cMyBPC alleles (cMyBPC Ϫ/Ϫ ) or 1 functional cMyBPC allele (cMyBPC Ϯ ). Skinned myocardium isolated from cMyBPC Ϫ/Ϫ hearts displayed significant accelerations in stretch activation cross-bridge kinetics. Cardiac MRI studies revealed severely depressed in vivo left ventricular (LV) magnitude and rates of LV wall strain and torsion compared with wild-type (WT) mice. Heterozygous cMyBPC Ϯ hearts expressed 23Ϯ5% less cMyBPC than WT hearts but did not display overt hypertrophy. Skinned myocardium isolated from cMyBPC Ϯ hearts displayed small accelerations in the rate of stretch induced cross-bridge recruitment. MRI measurements revealed reductions in LV torsion and circumferential strain, as well reduced circumferential strain rates in early systole and diastole.
H ypertrophic cardiomyopathy (HCM) is one of the most commonly occurring genetic myocardial disorders, affecting approximately 1 in 500 people. 1 Cardiac myosin binding protein C (cMyBPC) is a thick filament protein that modulates actin-myosin interactions and thereby the rate of muscle contraction. 2, 3 It is well established that the gene encoding cMyBPC is one of the most common causes of inherited HCM, with nearly 200 known mutations identified 4 since the first reported mutation in this gene. 5, 6 However, many younger individuals who carry disease-causing mutations in the cMyBPC gene do not exhibit overt LVH, because increases in LV wall thickness are often only detectable with advanced age. 7, 8 Because these seemingly asymptomatic carriers are at risk for the development of HCM and cardiac disease later in life, the diagnosis and treatment of these patients is a major clinical challenge.
Clinical Perspective on p 136
The majority of mutations in the gene that encode cMyBPC are heterozygous and are predicted to result in expression of truncated cMyBPC lacking the C-terminal regions of the protein that binds to myosin and titin. 9 However, analysis of myocardial biopsy samples from patients with cMyBPC mutations have not detected truncated cMyBPC, but rather a reduction in the amount of full-length cMyBPC protein has been noted. 10 -14 It is therefore likely that mutant cMyBPC mRNA or proteins are rapidly degraded by nonsense mediated mRNA decay or the ubiquitinproteosome system, thereby preventing mutant proteins from incorporating into the sarcomere. 15 Therefore, the allele generating mutant cMyBPC effectively functions as a null allele, causing cMyBPC haploinsufficiency. However, the mechanisms that link reduced cMyBPC levels in the heart with the development and progression of HCM have remained elusive.
Considering the functional importance of cMyBPC in regulating myofilament contractile properties, it is reasonable to suppose that decreased cMyBPC expression could affect in vivo mechanical function. In this regard, it has been shown that homozygous cMyBPC knockout mice (cMyBPC Ϫ/Ϫ ) with 2 null cMyBPC alleles (ie, a model of pure insufficiency) display early-onset impairments in systolic and diastolic contractile function and severe LVH. 16 -18 In contrast, heterozygous cMyBPC knockout mice (cMyBPC Ϯ ) with 1 null cMyBPC allele develop a phenotype later in life, displaying modest hypertrophy despite preserved systolic and diastolic contractile function. 19 Interestingly, cMyBPC Ϯ hearts expressed Ϸ25% less total cMyBPC than aged-matched wild-type (WT) mice, 19 which is similar to the amount of full length cMyBPC in patients with heterozygous cMyBPC mutations. 12, 13 These results suggest that modest decreases in cMyBPC expression in the heart may be sufficient to produce cardiac dysfunction and/or LVH; however, it is has not been established if these changes are related to altered cardiac mechanical performance.
Therefore, in the present study we examined the effects of variable cMyBPC expression on in vitro and in vivo mechanical function in young (8 -10 weeks of age) cMyBPC Ϫ/Ϫ and cMyBPC Ϯ mice to determine if cMyBPC insufficiency can cause mechanical dysfunction early in life. We used MRI to quantify both global and regional mechanical indices such as LV twist, torsion, and principal strains, over the whole cardiac cycle to observe subtle changes in mechanical function. Our goal was to link cMyBPC expression and crossbridge function with LV strain and torsion, which are direct measures of myocardial wall deformation, to characterize the functional consequences of cMyBPC insufficiency.
Methods

Animal Models
Adult male cMyBPC null (cMyBPC Ϫ/Ϫ ), heterozygous cMyBPC mice (cMyBPC Ϯ ), and WT mice of the SV/129 strain (8 -10 weeks of age) were used in this study. 16 All procedures involving animal care and handling were performed according to institutional guidelines set forth by the Animal Care and Use Committee at Case Western Reserve University.
Skinned Fiber Experiments
Force-pCa relationships and stretch activation kinetics were measured in skinned ventricular myocardium isolated from WT, cMyBPC Ϫ/Ϫ , and cMyBPC Ϯ hearts as previously described. 20, 21 Myofibrillar protein content and phosphorylation were determined in LV homogenates and skinned myocardium as previously described. 20, 22 
In Vivo MRI Measurements of Cardiac Function
Two-dimensional LV myocardial motion was quantified at the apex, mid, and basal levels using multiphase displacement encoding with stimulated-echo (DENSE) MRI in a 9.4-T Bruker Biospec (Billerica, MA) horizontal scanner. 23 LV twist, torsion, circumferential and radial strain, as well as torsion and strain rates were quantified, using custom software as previously described. 24
Statistical Analysis
Cross-sectional areas of skinned preparations were calculated by measuring the width of the mounted preparation and assuming a cylindrical cross section. Submaximal Ca 2ϩ -activated force (P) was expressed as a fraction of the force (P o ) generated at pCa 4.5, that is, P/P o . Rate constants of stretch-induced force decay (k rel ) and development (k df ) were obtained by fitting the time course trace with a single exponential. Data are reported as meanϮSD or meanϮSEM. Means for fiber data were generated by averaging data for each variable for each mouse and then averaging the means for all mice within a group. Approximately 3 fibers were studied from each mouse. Comparisons of force-pCa relationships and stretch activa-tion variables between groups were done using a 1-way ANOVA and a Tukey-Kramer post hoc test. Comparisons of strain and twist angles were independently analyzed at each ventricular level by 1-way ANOVA and Tukey-Kramer test. Strain and torsion time course data were evaluated by 1-way ANOVA with a Bonferroni adjustment for multiple comparisons. Additionally, a separate analysis examining only peak rates of torsion and strain in systole and diastole was performed using 1-way ANOVA and Tukey-Kramer post hoc test. Statistical significance was established at a level of PϽ0.05.
See the expanded Methods section in the online Data Supplement Material for detailed descriptions of methods.
Results
Myofilament Protein Expression and Phosphorylation in WT and cMyBPC Mutant Myocardium
We examined the expression and phosphorylation status of myofilament proteins in age-matched male WT, cMyBPC Ϫ/Ϫ , and cMyBPC Ϯ LV tissue homogenates. As expected, cMyBPC was not detected in cMyBPC Ϫ/Ϫ hearts in either Coomassiestained gels or Western blots probed with a cMyBPC specific antibody (Santa Cruz, CA); however, cMyBPC Ϯ hearts expressed 23Ϯ5% less cMyBPC than WT hearts (PϽ0.05, online Data Supplement Figure 1 ). Consistent with previous findings, 16 expression of ␤-myosin heavy chain (MHC) was slightly elevated in cMyBPC Ϫ/Ϫ hearts (16Ϯ3%, PϽ0.05) compared with WT hearts, but there was no significant difference in MHC isoform expression between cMyBPC Ϯ and WT hearts (online Data Supplement Figure 2 ). No significant differences in the relative abundance or phosphorylation status of other myofilament proteins in WT, cMyBPC Ϫ/Ϫ , and cMyBPC Ϯ myocardium were detected (online Data Supplement Figure 3 ). The cMyBPC content of skinned myocardium isolated from cMyBPC Ϯ LV used for mechanical experiments was also quantified (online Data Supplement Table) and was nearly identical to the cMyBPC content measured in LV tissue homogenates prepared from cMyBPC Ϯ hearts (ie, reduced 24Ϯ6% compared with WT).
Mechanical Properties of Skinned Myocardium Isolated From WT and cMyBPC Mutant Hearts
The steady-state mechanical properties of skinned myocardium isolated from WT, cMyBPC Ϫ/Ϫ , and cMyBPC Ϯ hearts are summarized in the online Data Supplement Table. Skinned preparations from the 3 groups of mice exhibited similar force-pCa relationships. There were no differences in force generation at maximal and submaximal [Ca 2ϩ ] or in the steepness of the force-pCa relationship (Hill coefficient, n H ). Consistent with previous studies, 22 cMyBPC Ϫ/Ϫ myocardium displayed dramatically accelerated rates of stretch-induced force decay (k rel ) and delayed force development (k df ) at submaximal Ca 2ϩ activations as well as greater stretchinduced force decay (P 2 amplitude) and stretch activation amplitude (P df ), compared with WT myocardium (Figure 1 ). Skinned myocardium isolated from cMyBPC Ϯ hearts displayed small but significant (21%) accelerated stretchinduced delayed force development (k df ) at submaximal Ca 2ϩ activations, but P 2 and P df amplitude were not significantly different compared with WT (Table 1 ).
In Vivo Assessment of Cardiac Morphology and Mechanical Function
LV Morphology and Contractile Function
Cardiac morphology and global contractile function analysis of WT, cMyBPC Ϯ , and cMyBPC Ϫ/Ϫ hearts are presented in Table 2 . The cMyBPC Ϫ/Ϫ hearts displayed significant LV hypertrophy as demonstrated by increased end-diastolic wall thickness and decreased ejection fraction compared with WT controls. In contrast, cMyBPC Ϯ hearts displayed a small increase in apical thickening at end-diastole compared with WT hearts ( Table 2 , PϽ0.05), but systolic function was preserved, as indicated by near-normal ejection fraction values. Global hypertrophy was seen in cMyBPC Ϫ/Ϫ hearts, as demonstrated by greater heart weight-to-body-weight (HTWT/BWT) ratios compared with WT hearts. There was no difference in HTWT/BWT ratio between cMyBPC Ϯ and WT hearts (online Data Supplement Figure 4 ). Molecular markers of hypertrophy, including transcript expression of ANF, BNP, and ␣-skeletal actin were also significantly upregulated in cMyBPC Ϫ/Ϫ hearts but not in cMyBPC Ϯ hearts (online Data Supplement Figure 4 ).
Myocardial Strain
Representative displacement maps for the in-plane motion of the WT, cMyBPC Ϯ , and cMyBPC Ϫ/Ϫ groups in the midventricle at peak systole are presented in Figure 2 . The overall reduction in displacement magnitude ( Figure 2C ) for strain vectors displayed by cMyBPC Ϫ/Ϫ hearts compared with WT hearts is consistent with significant contractile dysfunction.
Mean LV strain was calculated at the apex, base, and mid-ventricle for each group. There was a significant reduction in maximal LV radial and circumferential strains in the cMyBPC Ϫ/Ϫ mice for all 3 ventricular levels ( Figure 3) , and there was a significant reduction in maximal LV circumferential strain at the mid-LV of cMyBPC Ϯ mice compared with WT mice (Figure 3B , PϽ0.05). Measurements of average radial ( Figure 4A through 4C) and circumferential strain rates ( Figure 4D through 4F) were significantly reduced in cMyBPC Ϫ/Ϫ mice throughout the cardiac cycle. Reduced early systolic strain rates were observed in cMyBPC Ϯ mice at the mid-LV ( Figure 4 ). Analysis of peak strain rates revealed that cMyBPC Ϯ mice displayed lower peak radial systolic strain rates in the base and mid-LV, and lower peak circumferential diastolic strain rates in the mid-LV ( Figure 4G through 4L). Figure 5A illustrates the difference in twist (rotation) angles between WT, cMyBPC Ϯ , and cMyBPC Ϫ/Ϫ mice at the apical, mid-LV, and basal levels during peak systole. There was a clear decrease in overall rotation in cMyBPC Ϫ/Ϫ hearts. LV twisting occurred in the counterclockwise direction at the apex in the WT (10.12Ϯ1.9°) and cMyBPC Ϯ hearts (7.59Ϯ1.3°, PϭNS), but minimal apical twisting was observed in cMyBPC Ϫ/Ϫ hearts (0.83Ϯ0.9°, PϽ0.05). Clockwise twisting was observed at the base in WT (Ϫ6.48Ϯ1.0°) and cMyBPC Ϯ hearts (Ϫ4.90Ϯ0.40°, PϭNS), but minimal rotation occurred in cMyBPC Ϫ/Ϫ hearts (Ϫ1.39Ϯ0.84°, PϽ0.05).
Ventricular Twist and Torsion
The net twist, defined as the difference between the twist angles at the base and apex, is plotted in Figure 5B . There was a significant reduction in net twist in cMyBPC Ϫ/Ϫ (2.23Ϯ0.61°) and cMyBPC Ϯ (12.49Ϯ1.08°) hearts compared with WT hearts (16.60Ϯ1.46°). In particular, net twist between the mid and basal LV segments was reduced in cMyBPC Ϯ hearts compared with WT ( Figure 5A , 3.24Ϯ2.0°a nd 5.98Ϯ4.5°, respectively), although this difference fell short of statistical significance (Pϭ0.08).
There was a significant reduction in the magnitude of peak torsion generated by cMyBPC Ϫ/Ϫ and cMyBPC Ϯ hearts compared with WT (50.8°/cm Ϯ5.7): 8.9°/cm Ϯ2.2 in cMyBPC Ϫ/Ϫ Figure 1 . Stretch activation kinetics in skinned myocardium. The rates of A, delayed force development (k df ), and B, force relaxation (k rel ) after a stretch of 1% of muscle length, were recorded from wild-type (WT), cardiac myosin binding protein C (cMyBPC) Ϯ , and cMyBPC Ϫ/Ϫ skinned myocardium activated with Ca 2ϩ to a prestretch isometric force of Ϸ50% maximal. Data are meanϮSD. *Significantly different from WT. (Figure 6A and 6C) , and peak systolic torsion occurred earlier in cMyBPC Ϫ/Ϫ hearts. Maximal systolic and diastolic torsion rates were lower in cMyBPC Ϫ/Ϫ hearts ( Figure 6B, 6D, 6E ).
Discussion
There is growing evidence that decreased cMyBPC expression may be a common feature of HCM related to mutations in the gene encoding cMyBPC 12, 13 ; however, the link between cMyBPC expression, cardiac mechanical function, and the development of HCM is not well understood. We show that decreased cMyBPC expression in young cMyBPC Ϯ mice leads to altered myofilament function and in vivo torsion and principal strains in the absence of overt hypertrophy. Our data suggest that mechanical dysfunction exists in preclinical cMyBPC related HCM.
Myofilament Function in cMyBPC Mutant Myocardium
Levels of full-length cMyBPC have been shown to be decreased (24 -33%) in patients with mutations in cMyBPC. 12, 13 Similarly, levels of cMyBPC were decreased in heterozygous mouse models expressing 1 functional cMyBPC allele (the present study and Carrier et al 19 ) . Mutations in cMyBPC predicted to produce C-terminal truncated proteins are not found in patients. 10 -14 The mutant mRNA and/or proteins are thought to be unstable and are degraded before incorporation in the sarco- mere, 15 such that the mutant allele effectively acts as a null allele, leading to cMyBPC haploinsufficiency. Consistent with previous studies, we found that skinned myocardium isolated from cMyBPC ϩ/Ϫ 16 or cMyBPC Ϫ/Ϫ hearts 22 does not display changes in Ca 2ϩ -sensitivity of force generation. This suggests that cMyBPC content in the sarcomere does not directly determine myofilament Ca 2ϩ sensitivity. A recent study 12 showed that skinned myocytes isolated from myectomy samples obtained from patients with HCM-causing cMyBPC mutations displayed increases in the Ca 2ϩ sensitivity of force generation. However, changes in force generation did not correlate with cMyBPC expression and were likely a result of the large decrease in troponin I (TnI) phosphorylation (84%) in myectomy samples compared with control donor samples.
It is well established that skinned myocardium isolated from cMyBPC Ϫ/Ϫ hearts displays significantly accelerated rates of cross-bridge kinetics 22, 25, 26 because myosin heads are in closer juxtaposition to actin molecules, thereby enhancing the probability of acto-myosin interactions. 27 In the present study, we found that a relatively small decrease in cMyBPC expression (24%) in cMyBPC Ϯ skinned myocardium produced acceleration in the rate of delayed cross-bridge recruitment (k df ) after rapid stretch at submaximal Ca 2ϩ activations compared with WT skinned myocardium (Table 1) . Decreased cMyBPC content may result in nonuniform incorporation of cMyBPC into the sarcomere and regional inhomogeneities in rates of force development. Thus, sarcomeres with reduced levels of cMyBPC could develop force at a faster rate compared with sarcomeres with normal cMyBPC content. 28 This would result in simultaneous shortening and stretch of different regions of the sarcomere, which would disrupt the timing and synchronization of fiber shortening during systole. Additionally, there may be a delay in force relaxation of regions that are being actively stretched (stretchactivated) 22 by regions of the sarcomere that are shortening, thereby prolonging relaxation in vivo. 16 -18 
Effects of Decreased cMyBPC Expression on In Vivo Mechanical Function
Studies of in vivo cardiac contractile function in cMyBPC Ϫ/Ϫ mice 16, 17, 19, 29 have demonstrated global systolic and diastolic and circumferential (D through F) strain rates were quantified throughout the cardiac cycle, and peak radial (G through I) and circumferential (J-L) strain rates were quantified (from top to bottom) at the base, mid-ventricle, and apical segments in wild-type (WT), cardiac myosin binding protein C (cMyBPC) Ϯ , and cMyBPC Ϫ/Ϫ mice. Data are meanϮSE. *Significantly different from WT by 1-way ANOVA with Bonferroni (A through F) or Tukey-Kramer (G through L). Figure 4 continues on next page. dysfunction and severe LVH. However, in vivo cardiac function and morphology of cMyBPC Ϯ hearts has been shown to be normal at a young age, 16, 19, 29 with unexplained asymmetrical hypertrophy developing at 10 -11 months of age despite preserved systolic and diastolic function. 19 Cardiac MRI can detect subtle changes in LV morphology and mechanical function, so we examined LV motion indices of torsion and strain throughout the cardiac cycle in cMyBPC Ϫ/Ϫ and cMyBPC Ϯ hearts. In this study, we used DENSE MRI to quantify myocardial mechanics in the mouse heart, a technique that has been validated against rotating phantoms or traditional MRI tagging protocols in mice and humans. 30, 31 We show that the lack of cMyBPC nearly abolished LV torsion and twist in young mice. Furthermore, the magnitude of LV torsion and strain are reduced and the pattern of LV mechanical function is altered in cMyBPC Ϯ hearts in the absence of overt hypertrophy. The latter may be the early mechanical manifestation of cMyBPC haploinsufficiency, which could contribute to the progression and development of LVH with advanced age.
The counterclockwise rotation of the apex and the clockwise rotation of the base 32 produces the wringing motion that maximizes pumping of blood into the circulation. We observed that the magnitude of LV torsion ( Figure 6 ) and net twist ( Figure  5 ) were severely impaired in cMyBPC Ϫ/Ϫ hearts such that LV systolic rotation was minimal. These results are consistent with overt hypertrophy and fibrosis, 16 which renders the cMyBPC Ϫ/Ϫ LV extremely stiff. Additionally, myofiber architecture abnormalities disrupt the transmural progression of the helical arrangement of subendocardial and subepicardial fibers. 33 This disruption may decrease the generation of mechanical torque by subepicardial fibers, which propels the rotation of the LV during systole. 34 Interestingly, despite a significantly reduced magnitude of LV torsion in cMyBPC Ϫ/Ϫ hearts, peak systolic torsion occurred earlier in systole compared with WT hearts. The resulting shortening of the ejection phase in cMyBPC Ϫ/Ϫ hearts is consistent with findings that cMyBPC is crucial for modulat-ing the rate of pressure development during isovolumic contraction and the period of systolic ejection. 18 In contrast to severe mechanical dysfunction and hypertrophy in cMyBPC Ϫ/Ϫ hearts, a modest 23% decrease in cMyBPC content in cMyBPC Ϯ hearts resulted in a small but significant reduction in the magnitude of peak systolic torsion ( Figure 6 ). The decrease in the magnitude and duration of systolic torsion in cMyBPC Ϯ hearts was due to a reduction in the overall net twist angle between the apex and base ( Figure 5 ). Specifically, there was a more prominent reduction in twist between the mid-LV and the basal LV segments ( Figure 5 ), although this difference did not reach statistical significance (Pϭ0.08). Because systolic rotation and fiber shortening in the LV proceeds in an apex-tobase sequence, 35 a reduction in net twist could be due to global or regional abnormalities in circumferential strain. Thus, the small reduction in circumferential strain at the mid-LV in cMyBPC Ϯ hearts could impair the progression of mechanical rotation from the apex to the base during systole resulting in diminished twist between the mid-LV and basal-LV. These data are also consistent with the idea that cMyBPC is important for prolongation fiber shortening during late systole, 18 perhaps through continued rotation of the later-activated LV base. Accelerated rates of cross-bridge kinetics and fiber shortening in the early isovolumic contraction phase 18, 22 in cMyBPC Ϯ hearts may disrupt the timing of fiber shortening in later-activated regions such as the base, thereby reducing LV rotation in late systole.
Slower systolic and diastolic circumferential strain rates 36,37 are a common feature in HCM carriers. In the present study, cMyBPC Ϫ/Ϫ hearts displayed significant reductions in radial and circumferential strain rates during systole and diastole compared with WT hearts (Figure 4) , and cMyBPC Ϯ hearts displayed lower early systolic and peak diastolic circumferential strain rates at the mid-LV, and lower peak radial systolic strain rates in the base and mid-LV ( Figure 4 ). Diastolic dysfunction is thought to be an early manifestation of impaired cardiac function in preclinical HCM. 38 The early phase of LV reverse rotation after systole is an important determinant of diastolic filling 39, 40 , and decreases in diastolic mid-LV circumferential strain rates in cMyBPC Ϯ hearts may result in a slowing of the rate of LV relaxation and decreased diastolic filling, as has been noted previously in cMyBPC Ϫ/Ϫ hearts. 16, 17 
Potential Functional Consequences of cMyBPC Haploinsufficiency
Our data show that small reductions in cMyBPC content in the mouse heart, similar to decreases reported in myocardial samples obtained from patients expressing cMyBPC mutations, can significantly accelerate rates of cross-bridge kinetics and alter myocardial mechanical function in vivo. Nonuniform incorporation of cMyBPC in sarcomeres may result in regional inhomogeneities in rates of force development within sarcomeres along with uncoordinated sarcomere shortening and stretching. This can result in abnormal patterns of LV mechanical torsion in vivo that decrease the efficiency of contraction and relaxation and thereby, chamber ejection and filling. Furthermore, both increased ATP turnover due to accelerated cross-bridge cycling and reduced LV mechanical efficiency would be expected to increase energy expenditure by myocytes, 41, 42 which promotes apoptotic pathways 43 that lead to decreased myocyte survival and replacement of myocytes with fibrotic tissue. 44 The induction of LV fibrosis progressively stiffens the myocardium and impairs active fiber shortening and stretch. Fibrotic myocardium has a reduced capacity to generate sufficient strain and torsion to meet circulatory demands, which leads to compensatory LV hypertrophy.
Clinical Implications
It is possible that phenotypic unpredictability in contractile function and LVH, as well as the age at which disease symptoms are apparent in patients expressing cMyBPC mutations, is related to variability in overall levels of cMyBPC expression. 44 In addition, the regional distribution of cMyBPC expression in the myocardium, such that patients with more significant cMyBPC loss present with more severe dysfunction and LVH at an earlier age. Although mutations in the gene encoding cMyBPC have typically been associated with late-onset cardiac dysfunction and LVH, there is growing evidence that clinical symptoms of the disease are apparent in a significant number of cMyBPC mutation carriers at a young age, including infancy. 45, 46 It is noteworthy that decreased levels of cMyBPC have been reported in myocardial samples from young HCM patients (20 -30 years of age) 12,13 carrying heterozygous cMyBPC mutations, which parallel our findings in young cMyBPC Ϯ mice. Collectively, these data imply that clinical symptoms of cardiac dysfunction related to mutations in cMyBPC, and perhaps mechanical dysfunction specifically, manifest earlier than previously thought and should be screened for in young relatives of HCM patients. 45 With the emergence of improved cardiac MRI technology, 47 it may now be possible to identify subtle changes in mechanical function and hypertrophy in cMyBPC carriers at an earlier age, thus significantly reducing risks for development of cardiac disease later in life.
Limitations
The mechanical manifestation and degree of cardiac hypertrophy in human HCM is often diverse due to the underlying cause of the disease, which often involves multiple contributing factors and may or may not involve mutations in sarcomeric genes. The mechanical data presented here were collected from a homogeneous population of mice in the absence of environmental modifiers that could impact disease progression in humans. Therefore, the animal models of cardiac disease used in this study may not fully reproduce all aspects of human disease. Furthermore, the mice used in this study were deficient in cMyBPC, and thus our data may not be representative of a general population of HCM in which cardiac dysfunction and hypertrophy is not related to mutations in cMyBPC. For example, echocardiography studies in a general cohort of HCM patients of unknown genotype revealed slightly increased systolic circumferential strain compared with controls, 48 whereas we observed lower circumferential strains in cMyBPC-deficient mice. However, consistent with our data, lower systolic circumferential strains have been shown in HCM patients with cMyBPC mutations. 36 Thus, it can be speculated that divergent cardiac mechanical function in different HCM populations may reflect the underlying cause of the disease.
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